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The thymus is the major site of differentiation of T lymphocytes. The earliest thymic precursors [such as CD3 (2, 3) . DP cells are heterogenous; they include the majority of thymocytes destined to die because of failure in receiving positive selection, as well as cells at the earliest stages of positive selection (4) (5) (6) . Although the majority of DP cells have shut down IL-7R expression, single positive (SP) cells express IL-7R (7) . Recently, we have reported that positively selected TCR med CD69 ϩ thymocytes up-regulate IL-7R, and the IL-7R-mediated signals play a critical role in maintaining survival of the cells at least through up-regulating Bcl-2 (8, 9) .
Positive selection can be initiated by two different subsets of the DP fraction: the CD4 (6) , but might be salvaged by rearranging and expressing other TCR␣ chains (10, 11) .
These data raise the possibility of biological and developmental differences during positive selection between the cKit ϩ and c-Kit Ϫ pathways. We delineate these two pathways by evaluating the expression of IL-7R as well as c-Kit, time course, cell cycle status, and contribution to generation of SP progeny.
MATERIALS AND METHODS
Mice. C57BL6͞Ka (Ly5.2) and C57BL6 Ly5.1 mice were bred and maintained in the central animal facility in the Department of Comparative Medicine, Stanford University. Mice with H-2 b haplotype (E␣ Ϫ ) (Ly 5.2) with a targeted mutation in the ␤2 microglobulin gene [major histocompatibility complex (MHC) class I knockout; MHC-IKO], and a null mutation in the A␤ b gene (MHC class II knockout; MHC-IIKO) (12) were kindly provided by M. J. Grusby and L. H. Glimcher (Harvard School of Public Health). MHC-class I and II double knockout (MHC-DKO) mice were obtained by intercrossing these mice strains. All of these mice were used between 3 and 5 weeks of age.
Cell Sorting and Analysis. The antibodies used in immunofluorescence staining included AL1-4A2 (anti-Ly5.1); 2B8 (anti-c-Kit, CD117); KT-31 (anti-CD3); H57-579 (anti-TCR-␤); GK-1.5 (anti-CD4), and 53-6.7 (anti-CD8). Neutralizing anti-c-Kit (ACK2) and neutralizing anti-IL-7R␣ (A7R34) antibodies were kind gifts from S. Nishikawa (Kyoto University, Japan). Because virtually all thymocytes express the common cytokine receptor ␥ chain, thymocytes that express the IL-7R␣ chain should possess a functional IL-7R heterodimer (13) . These antibodies were directly conjugated with phycoerythrin (PE), fluorescein-5-isothiocyanate (FITC), allophycocyanin, or Texas Red. A7R34 was biotinylated and visualized by avidin-PE or avidin-Cy5-PE (Becton Dickinson). FITCconjugated H1.2F3 (anti-CD69) was purchased from PharMingen. The fluorescence was analyzed by using a highly modified dual-or triple-laser FACS. Procedures of i.t. injection and analysis of progeny have been reported elsewhere (4) .
PKH26 Labeling of Thymocytes. The details of the PKH analysis have been reported elsewhere (8) . Freshly isolated thymocytes were labeled with PKH26 (PKH26 red fluorescent general cell linker kit, Sigma). We measured the first peak of PKH26 signal in the donor-derived (injected) DP fraction (in which most cells could not divide) every day after i.t. injection to set a control value of PKH26 (8) . (Fig. 1A) . The IL-7R is expressed in a majority of cells on the c-Kit ϩ pathway; most TCR med TIs are positive for IL-7R ( Table 1 ). The IL-7R also is expressed in a minority of DP hi c-Kit Ϫ cells ( Fig. 1 A) Differentiation of Thymocytes from MHC-DKO Mice in the Presence of MHC. We expected that the thymuses of MHC-DKO mice contained early progenitors as well as a new class of cells that failed positive selection because no MHC was present. To test for the presence of both types of cells, we injected the whole thymocyte population from MHC-DKO Ly 5.2 mice i.t. to normal congenic C57BL6 Ly 5.1 mice. The time required for the appearance of CD4 and CD8 SP progeny was different. The first peak of CD4 SP progeny appeared at day 3, fell on day 4, increased after day 5, and reached its second peak on day 7 ( Fig. 3A and 4A ). However, CD8 SP progeny did not appear until days 4-5, and gradually increased in number until day 7.
RESULTS

IL-7R Is Expressed in Positively Selected
TCR ϩ c-Kit (Fig. 4B) . A very low level of differentiation into CD8 SP cells could be seen on day 6 (Fig. 4A) . The ratio of CD4 to CD8 progeny was Ϸ15 to 1 at their peaks (Fig. 3C) . This preferential differentiation of DP hi c-Kit Ϫ cells to CD4 SP cells also was seen in normal mice (6) , although the frequency of progeny in MHC-DKO thymus was Ϸ3-to 4-fold higher compared with that from normal thymus (see below).
Next, we injected sorted DN͞DP lo TCR Ϫ c-Kit 5B ) from DKO thymus. As one might expect from injecting these more primitive progenitors, the SP progeny gradually built up after day 4, and reached their peak at day 7 (Fig. 3D) . (Fig. 4B) . The ratio of CD4 to CD8 progeny was Ϸ4 to 1.
Based on these data, DP The PKH26 intensity of each CD4͞CD8-defined progeny derived from the total MHC-DKO thymus is shown in Fig. 7A . The CD4 SP and DP cells on day 3 retain almost the same intensity as the injected cells. The day 5 CD4 SP progeny retain PKH26 at levels consistent with 0-2 cell divisions, whereas the day 7 CD4 SP progeny included populations that had undergone several cell divisions. On the other hand, all CD8 SP progeny observed on or after day 5 postinjection showed a significant decline of PKH26 signals, indicating several cell divisions of their progenitors.
The PKH26-labeled DP hi c-Kit Ϫ cells from MHC-DKO mice differentiated into CD4 SP cells without cell division (0.05 cell cycles), as we reported (8), whereas in normal mice, more than 60% of the day 3 CD4 SP progeny of DP hi c-Kit Ϫ cells from normal mice had undergone cell division (1.2 times on average) (Fig. 7B) . In contrast to the days 5 and 7 CD8 progeny from unseparated MHC-DKO thymocytes, the rare day 7 CD8 SP progeny from MHC-DKO DP hi c-Kit Ϫ cells had divided 0-2 times (1.1 times on average) (Fig. 7B) . (1998) sion (10, 11). 
DISCUSSION
In this paper, we delineated events in the process of thymocyte positive selection on two identifiable pathways; the c-Kit ϩ (IL-7R These results do not address patterns of development of cells expressing known TCR␣␤ with known MHC-peptide specificity; the study of thymic positive selection in TCR transgenic mice addresses the issue of specificity, but because in these mice TCR expression is not appropriately regulated (from TCR lo to TCR hi ), DP cells in TCR transgenic mice contain a considerable fraction of small to medium-sized TCR med-hi cells (23) (24) (25) . Although we do not detect measurable positive selection of nonblastic DP cells in our studies (4), other studies using small DP hi cells from TCR transgenic mice can differentiate into SP cells (26) without cell division, as shown in a bromodeoxyuridine labeling study (27) .
Several studies on continuous labeling with bromodeoxyuridine or tritiated thymidine ( 3 H-TdR) suggests that positive selection does not involve cell division, because of a 2-3 days' lag in the entry of labeled cells into the SP cell fraction (28, 29) . However, the lag could be ascribed to the time required for completing the noncycling late stage of positive selection that involves down-regulation of unused coreceptor and final upregulation of TCR. In contrast, in this study and in our previous study (6) , considerable cell proliferation contributes to positive selection on the c-Kit ϩ pathway.
This study also suggests potential biological differences in positive selection between CD4 and CD8 lineage maturation. Other receptor-mediated signals such as Notch might affect the lineage outcomes of DP cells (30) , and that may result in the strong bias to CD4 lineage differentiation from DP hi c-Kit Ϫ cells. Hunig and Mitnacht (31) have reported rapid and prominent generation of mature CD8 SP cells from TCRstimulated virgin DP cells in vitro. How this finding compares with intrathymic maturation pathways described here is unclear; this rapid process cannot be explained by the CD8 maturation scheme that involves complex CD4 downregulation (16, 21) .
Thus, we have demonstrated two positive selection pathways, which probably represent sequential events. In this view, the first pathway that is attempted is the c-Kit ϩ IL-7R ϩ one, to be followed by the c-Kit Ϫ IL-7R ϩ path in cells that have failed a first round of positive selection with a particular TCR␣͞␤. It is also possible that they can represent two independent pathways, in which case, there is a considerable diversity in positive selection.
